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a b s t r a c t
High-grade metasedimentary rocks can preserve geochemical signatures of their sedimentary protolith if
signiﬁcant melt extraction did not occur. Retrograde reaction textures provide the main evidence for
trapped melt in the rock fabrics. Carvalhos Klippe rocks in Southern Brasília Orogen, Brazil, present
a typical high-pressure granulite assemblage with evidence of mica breakdown partial melting
(Ky þ Grt þ Kfs  Bt  Rt). The metamorphic peak temperatures obtained by Zr-in-Rt and ternary
feldspar geothermometers are between 850 C and 900 C. The GASP baric peak pressure obtained using
grossular rich garnet core is 16 kbar. Retrograde reaction textures in which the garnet crystals are
partially to totally replaced by Bt þ Qtz  Fsp intergrowths are very common in the Carvalhos Klippe
rocks. These reactions are interpreted as a result of interactions between residual phases and trapped
melt during the retrograde path. In the present study the geochemical signatures of three groups of
Carvalhos Klippe metasedimentary rocks are analysed. Despite the high metamorphic grade these three
groups show well-deﬁned geochemical features and their REE patterns are similar to average compo-
sitions of post-Archean sedimentary rocks (PAAS, NASC). The high-pressure granulite facies Grt-Bt-Pl
gneisses with immature arenite (wacke, arkose or lithic-arenite) geochemical signatures present in the
Carvalhos Klippe are compared to similar rocks in amphibolite facies from the same tectonic framework
(Andrelândia Nappe System). The similar geochemical signatures between Grt-Bt-Pl gneisses meta-
morphosed in high-pressure granulite facies and Grt-Bt-Pl-Qtz schists from the Andrelândia and Lib-
erdade Nappes, with minimal to absent melting conditions, are suggestive of low rates of melt extraction
in these high-grade rocks. The rocks with pelitic compositions most likely had higher melt extraction and
even under such circumstances nevertheless tend to show REE patterns similar to average compositions
of post-Archean sedimentary rocks (PAAS, NASC).
 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Retrograde reaction textures such as partial pseudomorphs,
coronae and symplectic coronae are relatively common features of
granulite facies rocks and are among the more useful indicators of
retrograde P-T evolution (White and Powell, 2011). Back-reaction
textures may represent reactions between melt and residual pha-
ses (Ashworth, 1976; Waters, 1988, 2001; Kriegsman and Hensen,
1998), and their occurrence suggests that part of the melt
produced was trapped within the system (Spear et al., 1999). As
discussed in Kriegsman (2001), mesosomes of migmatites are
a result of back reactions between restite and unsegregated melt.
The leucosome represents crystallised segregated melt or melt
products trapped in a drainage network (Sawyer, 1987; Barbey
et al., 1996; Sawyer et al., 1999). Restitic mineral assemblages
with little retrogression indicate nearly complete melt removal
(Spear et al., 1999). The processes that control extraction of themelt
from the system include segregation, connection and migration of
the melt (Kriegsman, 2001; Sawyer, 2001). Migration is expected
when the percentage of melt increases beyond 20e30% (Van der
Molen and Paterson, 1979; Vigneresse et al., 1996; Spear et al.,
1999). If melt loss occurs, the bulk composition of the system
may change. Therefore, the residual composition might be different
from the protolith initial composition.
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The chemical record of the high-grade metasedimentary rocks
of the Neoproterozoic belt south of São Francisco Craton, SE Brazil,
was previously investigated to recognise the main features of the
provenance area (Garcia et al., 2004). In the present study
geochemical signatures of metasedimentary rocks from Carvalhos
Klippe that contains typical high-pressure granulite mineral
assemblages produced by mica dehydration melting reactions are
analysed. The geochemical signatures of these rocks are compared
with the average composition of post-Archean sediments (PAAS
(Post-Archean average Australian shale; Nance and Taylor, 1976)
and NASC (North American shale composite; Haskin et al., 1968))
and with similar metasedimentary rocks that occur in the same
tectonic framework (Andrelândia Nappe System) but that are of
a lower metamorphic grade (amphibolite facies). The main goal of
this comparison is to investigate the melt extraction from the
system and the magma generation potential of the metasedi-
mentary rocks from the Carvalhos Klippe.
2. Geological setting
The Neoproterozoic Brasília Orogen is located along thewestern,
southwestern and southern margins of São Francisco Craton (Fuck
et al., 1994; Dardenne, 2000). The southern portion of the orogen
consists of a succession of subhorizontal nappes within an orogenic
wedge dipping to S-SW. Three different tectonic settings (from
WSW to ENE) are represented within these nappes: (1) a magmatic
arc domain, which was developed at the active continental margin
of the Paranapanema Plate (Socorro-Guaxupé Nappe), (2) a sub-
ducted continental domain (the Andrelândia Nappe System) and
(3) a passive continental margin/rift domain related to the San-
franciscana Plate (the Carrancas and Lima Duarte nappe systems)
(Fig. 1). These systems of nappes show a sub-horizontal detach-
ment (Trouw et al., 2000) of at least 150 km towards E-NE (the
upper nappes) to N-NE (the lower nappes) (Campos Neto and Caby,
1999, 2000).
The Andrelândia Nappe System (Campos Neto et al., 2007)
presents an inverted metamorphic pattern that includes, from
bottom to top, three main allochthons: (1) the lower Andrelândia
Nappe that is mainly composed of metasedimentary rocks of lower
to intermediate amphibolite facies; (2) the Liberdade Nappe that
consists of schists of intermediate to upper amphibolites facies
with associated retro-eclogite slices; and (3) the upper nappes in
which high-pressure granulite facies metasedimentary rocks
dominate (these include the Três Pontas-Varginha and Pouso Alto
nappes and the Aiuruoca, Carvalhos and Serra da Natureza klippen).
This study is focused on Carvalhos Klippe rocks (Trouw et al., 2000;
Ciofﬁ, 2009; Campos Neto et al., 2010) (Fig. 2), which is a basin-like
structure with major axis of nearly 18 km in the NW-SE direction,
that preserves high-pressure granulite facies rocks lying on inter-
mediate to upper amphibolite facies rocks of Liberdade Nappe.
The Klippe is mainly composed of metasedimentary rocks with
typical mineral assemblages of high-pressure granulite facies:
Qtzþ Kyþ perthitic KfsþGrtþ Rt. The occurrence of maﬁc rocks as
centimetric to metric boudins with the Grt þ Cpx þ Pl þ Qtz
assemblage is common. The high-pressure metamorphism took
place at 617.7  1.3 Ma (Campos Neto et al., 2010). The main lith-
otype from Carvalhos Klippe is a banded light-grey (Bt)-Ky-Grt-Kfs
migmatitic granulite with predominantly medium- to coarse-
grained inequigranular granoblastic texture with subordinated
thin lepidoblastic layers rich in biotite. The banding of the mig-
matitic granulite is deﬁned by centimetre- to metre-scale layers
that contain different proportions of feldspar, quartz, garnet,
kyanite and biotite. This banding is parallel to millimetre- to
centimetre-scale leucosomes that are commonly boudinaged.
These rocks are interlayered with centimetre- to decametre-scale
(Ky)-Grt-Bt-Pl gneiss lenses. Finely-banded (Bt)-Grt gneiss also
occurs in the central portion of the klippe.
3. Analytical methods
Optical petrography was conducted using a Zeiss Axioplan
microscope. Chemical analyses were carried out at the ICP-MS and
Chemistry Laboratory, Universidade de São Paulo. Un-weathered
samples were crushed in a steel jaw crusher and subsequently in
a disk mill of agate. Whole-rock major and trace element compo-
sitions were obtained by XRF spectrometry following analytical
protocol of Mori et al. (1999) and four samples were analysed by
ICP-OES. REE elements were measured by inductively coupled
plasma mass spectroscopy (ICP-MS), using a Perkin Elmer Plasma
Quadrupole MS ELAN 6100DRC, following analytical protocol of
Navarro et al. (2002). Chemical analyses are presented in Table 1.
Mineral chemical analyses were obtained at the Electron Micro-
probe Laboratory of the Universidade de São Paulo using a JEOL
JXA-8600 Electron Probe Microanalyser. Garnet and feldspar anal-
yses were run at 15 kV and 20 nAwith a beam 5e10 mm in diameter.
For rutile, analyses were run at 20 kV and 120 nA with a beam of
5 mm in diameter. The re-integration of ternary feldspar composi-
tions was based on estimation of areal proportions between
lamellae and host grains using backscattered images, which was
then extrapolated to volume. This estimated volume was then
converted to weight percentages using the mineral densities
(2.67 g/cm3 for plagioclase and 2.57 g/cm3 for alkali feldspar; Smith,
1974). The chemical composition of both the lamellae and the host
was obtained by electron microprobe analyses. Representative
analyses of minerals are presented in Table 2. Mineral abbreviations
follow Kretz (1983).
4. Sample descriptions
In the present study, samples from three different groups of the
metasedimentary rocks of Carvalhos Klippe, which were divided
according to petrographic criteria, have been analysed. Represen-
tative samples for analysis were selected from homogeneous
portions of these migmatitic gneisses, which most likely represent
the mesosomes. In these rocks the leucosomes are commonly thin
(<1e5 cm) and boudinaged, and melanosomes are not well-
deﬁned, making the identiﬁcation and deﬁnition of leucosomes
difﬁcult. The few well-deﬁned leucosomes are commonly coarse-
grained and contain feldspar and/or garnet porphyroblasts, which
make reliable and representative sampling difﬁcult. However, it
was possible to recognise rocks from Group 2 (as described in
Section 4.2) in a single outcrop, from which a sample was taken
from a thicker (5e10 cm) leucosome with a well-deﬁned biotite
melanosome. Generally, the mesosome samples analysed show
evidence of partial melting, such as millimetre-scale leucosome
lenses and pods. However, these melts have been trapped within
the rock fabric and have not produced thicker leucosomes and/or
large igneous bodies.
4.1. Group 1 (Ky-Grt-Kfs migmatitic granulite)
Banded bluish-grey kyanite-garnet-orthoclase migmatitic
granulite with minor biotite and banding parallel to millimetre- to
centimetre-scale leucosome lenses comprises Group 1 (Fig. 3aeb).
The texture is predominantly granoblastic, medium- to coarse-
grained with garnet porphyroblasts of approximately 2 cm that
are rich in quartz, rutile and kyanite inclusions. The garnet crystals
are commonly partially replaced by Bt þ Qtz  Fsp intergrowths at
the borders, along fractures and in pressure shadow zones. Biotite
occurs in ﬁne-grained lepidoblastic layers, surrounding garnet
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Fig. 1. A) Location of Southern Brasília Orogen in Brazil. B) Tectonic map of southeast Brazil, showing the São Francisco Craton and surrounding Neoproterozoic belts (from Campos
Neto et al., 2010). C) Geological map of the Southern Brasília Orogen (modiﬁed from Campos Neto et al., 2010) with the location of the study area.
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crystals and deﬁning a foliation. Kyanite crystals are submillimetric
to centimetric in size and are partially replaced by local muscovite
or Bt þ Sil intergrowths. Orthoclase commonly exhibits perthitic
lamellae exsolution and is locally partially replaced at the borders
by myrmekite intergrowths. Rare plagioclase crystals occur only in
small proportions. Typical accessory minerals are Fe-Ti oxides,
rutile, tourmaline and zircon. The mineral proportions are: quartz
(40e55%); garnet (10e20%); orthoclase (10e20%); kyanite/silli-
manite (5e10%); biotite (5e10%); Fe-Ti oxides (1e3%); plagioclase
(<1e1%); rutile (1%); tourmaline (<1e1%); and zircon (<<1%).
4.2. Group 2 (Grt-Bt-Pl gneiss)
Group 2 consists of foliated dark-grey garnet-biotite-plagioclase
gneiss with less pronounced compositional banding than rocks
from Group 1. Millimetric leucosome lenses are commonly discon-
tinuous throughout the foliation. Thicker leucosomes ( Fig. 3c) are
rare and occur only locally. The texture is predominantly grano-
blastic, medium-grained, with abundant biotite-rich lepidoblastic
lenses. Garnet crystals are submillimetric to 8 mm, are rich in
quartz, rutile and biotite inclusions and are partially replaced by
Btþ Qtzþ Pl. Locally, the garnet crystals are completely replaced by
Bt þ Qtz þ Pl intergrowths. The main feldspar is plagioclase, locally
with antiperthitic exsolutions. Orthoclase is scarce and occurs only
locally. In some samples, kyanite crystals are rare (5%), and are
locally partially replaced by sillimanite. Common accessory phases
are chlorite, muscovite, rutile, apatite, carbonate and monazite. The
mineral proportions are: plagioclase (35e40%), quartz (25e30%);
biotite (10e20%); garnet (5e10%); kyanite/sillimanite (0e5%);
muscovite (1e3%); chlorite (1e2%); orthoclase (1e2%); rutile
(<1e1%); apatite (1%); carbonate (1e2%); and monazite (<<1%).
4.3. Group 3 (Grt-Kfs-Pl gneiss)
Group 3 comprises ﬁnely-banded grey-colored garnet gneiss
with minor biotite (Fig. 3d). The texture is granoblastic, ﬁne- to
medium-grained. Garnet crystals are submillimetric to 1.5 mm and
are generally inclusion-free. Biotite occurs in small amounts (5%)
as discontinuous lepidoblastic lenses. Kyanite crystals are sub-
millimetric. These rocks exhibit plagioclase (locally antiperthitic)
and perthitic orthoclase. The main accessory mineral is rutile. The
mineral proportions are: quartz (35%); plagioclase (25%); ortho-
clase (20%); garnet (5e10%); biotite (5e7%); kyanite (3e4%); rutile
(1%); and muscovite (<1%).
5. Geochemistry
5.1. Major and trace elements
5.1.1. Group 1
Group 1 is characterised by a wide range of SiO2, from 60.4 to
73.6 wt%, and higher Al2O3/SiO2 ratios. It is low in Na2O and CaO
content,<0.5 wt% and<0.6 wt%, respectively (Fig. 4). TiO2 contents
are relatively higher than the other groups. The MgO values are
similar to Group 3 and lower than those in Group 2. The Mg# varies
between 21.3 and 28.9. In general, Group 1 shows slightly higher
K2O values when compared with Group 2, and the lowest MnO
values. This group exhibits high A/CNK (3.23e4.49) and low N/K
(0.02e0.22) ratios, which is typical of pelitic sediments. Fe2O3
contents of the three rock groups are widely ranging and P2O5
values are similar, therefore these elements do not represent
good criteria to deﬁne the groups. Considering trace elements
(Fig. 5), this group reveals the highest Zr (up to 479 ppm) and the
Fig. 2. Geological map of the Carvalhos Klippe with locations of analysed samples, modiﬁed from Campos Neto et al., (2010).
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Table 1
Chemical analyses of metasedimentary rocks of the Carvalhos Klippe.
Sample Group 1 Group 2 Leucosome Group 3
KC 8D KC-55C AL 6-50A2 AL 6-50B2 AL 3-90 AL VII-85A AL-6-4R KC 36-B1 KC 36-B2 AL III-33F AL V-133 AL 6-5B2 KC-18A1 AL 5-139 KC-53e KC-53f AL VIII-132 KC 18-D1 AL-6-7A AL 6-5H2
SiO2 76.75 60.39 68.13 68.32 63.75 71.63 70.12 64.02 60.18 63.46 64.67 63.64 63.87 61.28 64.79 71.13 71.42 67.08 67.06 68.48
Al2O3 12.44 21.52 17.37 16.62 20.49 14.33 14.97 15.12 18.02 14.83 14.30 13.84 15.29 15.93 15.22 16.94 12.23 14.02 13.09 13.96
Fe2O3 5.36 10.29 7.39 7.29 7.99 6.87 8.74 6.69 5.51 6.94 6.85 8.98 7.09 8.02 6.71 0.01 5.39 8.30 9.59 6.00
MgO 0.93 1.78 1.52 1.28 1.59 1.37 1.19 3.20 3.03 3.40 3.23 3.26 3.75 3.93 3.21 0.62 1.40 1.18 1.52 2.09
CaO 0.39 0.58 0.37 0.21 0.20 0.16 0.29 2.88 2.84 3.60 3.22 2.89 3.38 2.57 3.24 3.65 2.53 3.07 3.09 1.82
Na2O 0.35 0.41 0.26 0.27 0.17 0.21 0.04 2.83 3.84 2.47 2.56 2.47 2.40 2.77 2.91 4.44 1.72 1.93 2.04 1.60
K2O 2.57 2.83 2.83 3.17 3.75 2.94 2.81 2.41 3.20 2.44 2.05 1.97 2.48 2.45 2.20 1.25 3.07 2.53 1.11 4.06
P2O5 0.13 0.10 0.12 0.08 0.16 0.07 0.18 0.20 0.30 0.20 0.22 0.14 0.18 0.23 0.19 0.23 0.20 0.20 0.12 0.15
MnO 0.06 0.10 0.07 0.09 0.03 0.08 0.08 0.12 0.07 0.13 0.13 0.14 0.15 0.13 0.12 0.01 0.08 0.13 0.15 0.01
TiO2 0.93 1.79 1.22 1.37 1.39 1.20 1.45 0.90 0.92 0.91 0.92 1.55 0.91 0.98 0.87 0.95 0.74 0.98 1.23 0.79
LOI 0.30 0.02 < 0.01 0.61 0.40 0.40 0.94 0.76 1.04 0.54 1.01 0.14 1.32 0.62 0.60 0.88 0.24 < 0.01 1.22 < 0.01
Total 100.21 99.82 99.27 99.31 99.92 99.25 100.81 99.12 98.95 98.92 99.15 99.02 100.8 98.91 100.07 100.1 99.02 99.41 100.22 99.05
V 73.3 182 140.6 129 180 105 129 136 146 142 149 177 138.9 180.9 150.7 28.9 55 51 63 84
Cr 71.7 145 122 121 132 102 128 77 124.5 149 108 132 117 < 13 22 17 40
Co 13.5 23 17 22 26 17 20 20 20.4 19 27 25.1 21.9 7.2 10 13 14
Ni 21.7 36 28.9 38 49 35 58 48 66.8 58 57 75.7 60.6 19.6 7 9 20
Sc < 14 26 15.1 20 14 20 19 < 14 18 16 19 16.8 20.9 16.2 < 14 < 14 24 < 14
Cu 14.5 13 11.3 30 < 5 27 18 53 18.6 14 29 29.0 22.2 22.1 13 22 19
Zn 49.6 92 77.5 73 99 74 104 112 99.5 95 107 123.1 104.1 27.9 68 86 74
Ga 14.5 23 23.9 22 29 19 19 28 18 18 19 21.6 19.8 25.8 16 20 18
Rb 85.6 98 99.7 108 36 104 103 123 103.3 60 59 113.9 74.2 109.7 41.1 120 83 153
Sr 92.2 129 79.2 76 55 77 67 226 447 326.1 194 383 183.1 149 242.9 475.3 132 160 246 134
Y 25.2 46 29 43 10 44 44 37 22 34.3 34 35 28 28 30.6 1.2 48 62 56 46
Zr 409 374 351.2 359 214 391 460 176 133 201.9 188 276 198.8 175 204.3 109.4 204 294 332 257
Nb 15.7 45 25.7 26 16 24 11 9 10.3 9 13 7.1 3.8 7.7 1.8 13 19 16
Cs 0.4 0.6 5 3 2.2 2.3 0.8
Ba 621 612 609.1 684 257 622 498 507 786 631.3 452 724 514.4 371 450 242.7 545 559 226 789
Hf 10.4 9.7 5.3 2.1 4 4.9 3
Ta 0.5 1.7 1.3 0.4 < 0.01 0.4 0.1
Pb 9.3 11 5.7 4 7 10 12 24 13.1 12 11 12.4 9.4 14.2 22.5 11 17 15
Th 13.8 24 17.6 19 19 19 7 < 7 7 10 7 5.3 3.9 4.1 0.2 13 31 17
U 1.9 11 2 < 3 < 3 3 3 3 0.7 3 4 0.4 0.8 0.6 0.4 5 6 < 3
La 40 60 53.54 50 58 37 48 < 28 < 28 28.96 < 28 < 28 23.98 19.2 20.4 7.49 37 71 35 35
Ce 93.19 122 134.98 76 159 74 48 36 59.13 53 75 48.88 44.51 41.69 13.11 66 119 62
Pr 9.89 13.25 7.4 6.07 5.37 5.76 1.14
Nd 36.79 64 48.6 50 52 39 40 21 29.31 26 29 24.35 22.63 23.42 4.44 25 66 50
Sm 6.94 9.07 6.07 5.07 5.26 5 0.71
Eu 1.35 1.63 1.43 1.29 1.23 1.24 0.78
Gd 5.93 6.86 5.25 5.34 5.38 5.03 0.41
Tb 0.87 1.06 0.96 0.84 0.9 0.79 0.03
Dy 4.65 5.7 5.65 5.14 5.2 4.68 0.20
Ho 0.91 1.13 1.21 1.12 1.08 1.03 0.04
Er 2.55 3.34 3.56 3.12 3 2.96 0.11
Tm 0.37 0.5 0.53 0.47 0.43 0.45 0.02
Yb 2.43 3.15 3.3 3.02 2.81 2.8 0.08
Lu 0.37 0.51 0.54 0.47 0.43 0.45 0.02
C.R.Ciofﬁ
et
al./
Journal
of
South
A
m
erican
Earth
Sciences
40
(2012)
63
e
76
67
lowest Sr values (55e129 ppm). V, Ni and Cr contents are, in
general, intermediate compared with the other groups.
5.1.2. Group 2
This group is characterised by slight variation in SiO2 contents
(between 60.2 and 64.8 wt%) and by the highest values of MgO (3e
3.9 wt%), Na2O (2.4e3.8 wt%) and CaO (2.6e3.6 wt%). Mg# varies
between 41.8 and 52.1. K2O contents are slightly lower and the
MnO values are usually higher than those in Group 1. TiO2
contents are lower than those in Group 1 and similar to Group 3,
except in one analysis. Group 2 shows the highest N/K ratios
(1.47e2.01) and A/CNK ratios are between 1.12 and 1.34.
Geochemically, Group 2 protoliths can be classiﬁed as immature
arenites (wacke, arkose or lithic-arenite) (Pettijohn et al., 1972;
Herron, 1988), though a more accurate classiﬁcation is stymied by
the lack of any textural evidence surviving from the sedimentary
protolith. With regards to trace elements, this group shows the
lowest Zr contents (133e276 ppm) and highest Sr values, even if
values vary considerable from sample to sample within the
group. Relatively high V, Ni and Cr contents were also observed.
5.1.3. Group 3
These rocks are characterised by relatively high SiO2 contents
(67.1e71.4wt%).MgOvalues are similar to those ofGroup1, although
theMg# is more variable, ranging between 22.0 and 40.8. Na2O and
CaO contents are intermediate in comparisonwith the other groups,
while TiO2 concentrations are generally lower than in Group 1 and
similar to those in Group 2. K2O contents range between 1.11 and
4.06 wt% and MnO values are intermediate compared to the other
the groups. The A/CNK ratios (1.14e1.35) are very similar to those
of Group 2 and the N/K ratios vary markedly with values ranging
from 0.60 to 2.8. Group 3 protoliths can be geochemically classiﬁed
as immature arenites. The trace element proﬁle from this group is
characterised by intermediate Zr (204e332 ppm) and Sr (132e
246 ppm) values compared to the other groups, and also by low V,
Ni and Cr contents.
Table 2
Selected analyses of minerals (Grt e garnet; Rt e rutile; Fsp e feldspar; Fsp-int e Re-integrated feldspar).
Sample AL-IV-146 AL-IV-146
Analyse wt% Grt e 3 Grt e 7 Grt e 14 Grt e 19 Grt e 25 Rt e 3 Rt e 13 Rt e 14
SiO2 37.283 37.51 36.848 36.717 37.625 TiO2 96.72 95.99 97.40
TiO2 0.009 0.038 0.005 0 0.061 SiO2 0.021 0.028 0.035
Al2O3 22.174 22.162 21.758 22.301 22.202 V2O5 0.925 1.214 1.128
Cr2O3 0.015 0 0.052 0 0.014 Cr2O3 0.111 0.032 0.026
FeO 32.362 29.552 28.769 28.363 32.412 Al2O3 0.087 0.047 0.071
MnO 0.651 0.862 1.368 0.923 0.686 Nb2O5 0.462 0.153 0.17
MgO 5.928 4.589 3.377 4.303 5.820 ZrO2 0.23 0.24 0.255
CaO 2.191 5.805 7.240 6.543 1.887 FeO 0.232 0.601 1023
Total 100.6 100.52 99.36 99.15 100.69 Total 98.788 98.301 100.106
Cations 12 O 2 O
Si 2.918 2.938 2.932 2.911 2.945 Ti 0.9811 0.979 0.9774
Al 2.044 2.044 2.040 2.082 2.046 Si 0.0003 0.0004 0.0005
Ti 0.001 0.002 0 0 0.004 V 0.0082 0.0109 0.0099
Cr 0.001 0 0.003 0 0.001 Cr 0.0012 0.0003 0.0003
Fe 2.118 1.936 1.915 1.881 2.122 Al 0.0014 0.0008 0.0011
Mg 0.692 0.536 0.401 0.509 0.679 Nb 0.0028 0.0009 0.001
Mn 0.043 0.057 0.092 0.062 0.045 Zr 0.0015 0.0016 0.0017
Ca 0.184 0.487 0.617 0.556 0.158 Fe 0.0026 0.0068 0.0114
Sample AL-IV-146 AL-IV-120 Al-V-42
Analyse wt% Fsp e host Fsp e lamellae Fsp e int. Fsp e host Fsp e lamellae Fsp e int. Fsp e host Fsp e lamellae Fsp e int.
SiO2 61.029 63.925 61.336 60.879 64.400 61.442 59.430 63.026 60.066
TiO2 0.02 0.005 0.018 0.02 0 0.017 0.005 0 0.004
Al2O3 24.657 18.579 24.013 24.845 19.030 23.915 24.762 19.113 23.762
Fe2O3 0 0 0 0 0 0 0 0 0
FeO 0.048 0 0.043 0.015 0 0.013 0.011 0.074 0.022
MnO 0 0 0 0.012 0.013 0.012 0 0 0
MgO 0 0 0 0 0.008 0.001 0.016 0.001 0.013
BaO 0 0.093 0.01 0.029 0.44 0.095 0.031 0.248 0.069
CaO 6.270 0.043 5.610 5.687 0.035 4.783 6.436 0.019 5.300
Na2O 7.756 0.819 7.021 8.377 1.331 7.250 7.890 0.671 6.612
K2O 0.419 15.814 2.051 0.193 14.820 2.533 0.253 15.553 2.961
Total 100.2 99.28 100.1 100.06 100.08 100.06 98.83 98.71 98.81
Cations 32 O
Si 10.836 11.916 10.945 10.817 11.883 10.982 10.720 11.822 10.910
Al 5.156 4.078 5.046 5.199 4.135 5.034 5.260 4.222 5.082
Fe3 0 0 0 0 0 0 0 0 0
Ti 0.003 0.001 0.002 0.003 0 0.002 0.001 0 0
Fe2 0.007 0 0.006 0.002 0 0.002 0.002 0.012 0.003
Mn 0 0 0 0.002 0.002 0.002 0 0 0
Mg 0 0 0 0 0.002 0 0.004 0 0.004
Ba 0 0.007 0.001 0.002 0.032 0.007 0.002 0.018 0.005
Ca 1.193 0.009 1.073 1.083 0.007 0.916 1.244 0.004 1.031
Na 2.670 0.296 2.429 2.886 0.476 2.513 2.760 0.244 2.328
K 0.095 3.761 0.467 0.044 3.489 0.578 0.058 3.722 0.686
Ab 0.67 0.07 0.61 0.72 0.12 0.63 0.68 0.06 0.58
An 0.3 0 0.27 0.27 0 0.23 0.31 0 0.25
Or 0.02 0.92 0.12 0.01 0.88 0.14 0.01 0.94 0.17
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5.2. REE patterns
Rocks samples from Groups 1 and 2were analysed for rare earth
elements (REE) (Fig. 6). The REE patterns of samples from Group 1
show a highly fractionated trend (LaN/YbN ¼ 10.7e11.1) with light
REE (LREE) enrichment compared with samples from Group 2
(LaN/YbN ¼ 4.6e5.9). This overall fractionation results from the
domination of LREE fractionation (LaN/SmN: Group 1 ¼ 3.6e3.7;
Group 2 ¼ 2.3e3.0), considering that heavy REE (HREE)
fractionation is less pronounced in both rock groups (GdN/YbN
Group 1 ¼ 1.65e1.98 and GdN/YbN Group 2 ¼ 1.29e1.55). Negative
Eu anomalies were detected in both groups and are stronger in
Group 1 (Eu/Eu*: Group 1 ¼ 0.64; Group 2 ¼ 0.71e0.78). These
REE patterns are similar to average patterns of post-Archean sedi-
mentary rocks (Haskin et al., 1968; Nance and Taylor, 1976; Taylor
and McLennan, 1985). Garcia et al. (2004) identiﬁed similar REE
patterns in correlated high-grade metasedimentary rocks from the
Três Pontas-Varginha Nappe, and these authors also acknowledged
the similarity with REE patterns of post-Archean shales. The LREE
enrichment in rock samples from Group 1 is apparently related to
original compositions of the sedimentary protholith, considering
that higher LREE contents in clays are expected when compared to
sands from the same tectonic setting (McLennan et al., 1990). In
rocks of Group 1 the leucosomes are commonly thin, coarse-grained
and locally have garnet and feldspar porphyroblasts, making
representative sampling difﬁcult. In the Grt-Bt-Pl gneiss from
Group 2 thicker leucosomes are also rare, but a sample of approx-
imately 5e10 cm of thickness was taken parallel to the foliation in
a selected outcrop (Fig. 3c). This leucosome shows medium- to
coarse-grained granoblastic texture and is composed primarily of
plagioclase and quartz with subordinated biotite. The melanosome
consists predominantly of biotite. The REE pattern of this leuco-
some (Fig. 7) is depleted in total REE, is strongly depleted in heavy
rare earth elements and has a well-pronounced positive Eu
anomaly. Several authors (e.g. Sawyer, 1987; White and Chappell,
1990; Ellis and Obata, 1992) argue that leucosomes are likely to
pass through differentiation processes and that those which are
characterised by REE depletion and positive Eu anomalies may
represent cumulates.
5.3. Comparison between Grt-Bt-Pl gneisses from Carvalhos Klippe
(Group 2) and Grt-Bt-Pl-Qtz schists from the lower nappes
Grt-Bt-Pl-Qtz schist bodies with geochemical characteristics of
immature arenites (wacke, arkose or lithic arenite) are recognised
throughout the Andrelândia Nappe System (Trouw et al., 1983;
Campos Neto et al., 2007; Campos Neto et al., 2011). As in the Três
Pontas-Varginha Nappe (Garcia et al., 2004), there are rocks with
similar composition within the Carvalhos Klippe (Group 2),
although showing a gneissic structure resulting from a higher
metamorphic grade. This study compares granulite facies rocks
from Group 2 and amphibolite to upper amphibolite facies Grt-Bt-
Pl-Qtz schists from the lower nappes (Andrelândia and Liberdade
nappes). The Harker diagrams (Fig. 8) show obvious geochemical
similarities between the granulite facies Grt-Bt-Pl gneisses (Group
2) and the amphibolite to upper amphibolite facies Grt-Bt-Pl-Qtz
schists (data from Teixeira, 2011). The geochemical similarity
between Grt-Bt-Pl gneisses with evidence of partial melting and
Grt-Bt-Pl-Qtz schists with melting conditions that are minimal to
absent, suggests that there was not a signiﬁcant extraction of melt
from these higher grade rocks. Although millimetre-scale leuco-
somes and leucosome pods provide constraints tomelt segregation,
apparently there was no connection and extraction sufﬁcient to
considerably change the bulk rock composition. Comparison of
REE-patterns (Fig. 9) between Group 2 rocks and Grt-Bt-Pl-Qtz
schists from the Andrelândia and Liberdade nappes show marked
similarity, although schists are slightly more fractionated, with LaN/
YbN ratios of 6.4e6.9, compared with the 4.6e5.9 LaN/YbN ratios of
Group 2. The negative Eu anomalies are slightly less pronounced in
the schists, which show Eu/Eu* ratios of 0.68e0.75, contrasting
with higher 0.71e0.78 Eu/Eu* ratios of Group 2. This similarity in
REE patterns is also suggestive of low rates of melt extraction in
these granulite facies rocks. The thicker Group 2 leucosome which
was analysed in this study does not show K-feldspar and has low
Fig. 3. Field aspects of metasedimentary rocks groups. (aeb) Group 1: Kyanite-garnet-orthoclase gneisses with banding parallel to millimetre- to centimetre-scale leucossomes.
(c) Group 2: Garnet-biotite-plagioclase gneiss with rare thicker leucossome. (d) Group 3: Fine banded garnet gneiss.
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Rb/Sr and high Sr/Ba ratios, characteristic ofmelting in the presence
of a vapour phase (Harris and Inger, 1992). Most likely the rocks of
Group 2 have not lost signiﬁcant quantities of this type of melt,
otherwise the rock compositions would be expected to change
markedly, commensurate with the different REE patterns between
this leucosome and the Group 2 rocks (Fig.7).
6. Metamorphism
6.1. High-pressure granulite assemblage
The typical mineral assemblage of metasedimentary rocks of
Carvalhos Klippe is Ky þ Grt þ perthitic Kfs þ Qtz  Pl  Rt  Bt,
Fig. 4. (A) ACN/K versus N/K diagram; (BeG) Harker diagrams of metasedimentary rocks from Carvalhos Klippe (major elements); (B) Al2O3; (C) MgO; (D) CaO; (E) Na2O; (F) K2O;
(G) TiO2.
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Fig. 6. Rare earth element (REE) variation diagrams normalised to the chondrite values of Taylor and McLennan (1985). (a) Group 1; (b) Group 2; (c) NASC (North American shale
composite; Haskin et al., 1968) and PAAS (Post-Archean average Australian shale; Nance and Taylor, 1976); (d) Comparison between REE patterns of metasedimentary rocks from the
Carvalhos Klippe with PAAS REE pattern.
Fig. 5. Harker diagrams of metasedimentary rocks from Carvalhos Klippe (trace elements). (a) Zr; (b) Sr; (c) Cr; (d) V.
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which corresponds to high-pressure granulite facies conditions.
This assemblage suggests that reactions of muscovite and biotite
breakdown were crossed (Vielzeuf and Holloway, 1988; Le Breton
and Thompson, 1988; Patiño Douce and Beard, 1995) within the
stability ﬁeld of kyanite:
Fig. 8. Harker diagrams comparing the compositions of metasedimentary rocks from Carvalhos Klippe with Grt-Bt-Pl-Qtz schists from the lower nappes (data from Teixeira, 2011).
(a) Al2O3; (b) MgO; (c) CaO; (d) Na2O; (e) TiO2; (f) Zr.
Fig. 7. Chondrite-normalised REE patterns of leucossome and mesossome of meta-
sedimentary rock from group 2.
Fig. 9. Comparison of chondrite-normalised (Taylor and McLennan, 1985) REE patterns
between rocks from group 2 and Grt-Bt-Pl-Qtz schists from the lower nappes.
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Msþ Qtz ¼ Kfsþ Kyþ Btþmelt (R1)
Btþ Kyþ Qtz ¼ Grtþ Kfsþmelt (R2)
Biotite breakdown reactions producing orthopyroxene
(Btþ Qtz¼ Kfsþ Opxþmelt) are not known to occur in migmatitic
granulite from the klippe and may represent an upper temperature
limit. The metamorphic peak temperatures obtained using Zr-in-
rutile thermometry (Tomkins et al., 2007) are close to 850 C,
showing temperatures slightly higher than those described in
Campos Neto et al. (2010). The highest temperatures were obtained
in rutile inclusions in garnet porphyroblasts (Fig. 10). The temper-
atures obtained from the ternary feldspar re-integration (anti-
perthitic plagioclase) are close to 900 C (Fig. 11). The baric peak of
16 kbar was obtained through GASP geobarometer (Newton
and Haselton, 1981), using garnet porphyroblast core with
comparatively higher grossular content (Fig. 12). Maﬁc rocks
interlayered in migmatitic granulite contain the mineral assem-
blage Grtþ Cpxþ Plþ Qtz, which is compatible with high-pressure
granulite facies conditions (Green and Ringwood, 1967; Ito and
Kennedy, 1971; O’Brien and Rötzler, 2003; Pattison, 2003).
6.2. Back reactions
Retrograde reaction textures are widespread in rocks from the
Carvalhos Klippe. In the metasedimentary granulite facies rocks of
the Carvalhos Klippe, the garnet crystals are partially replaced at
the rims and fractures by skeletal and/or vermiform intergrowths
of Bt þ Qtz  Fsp (Fig. 13aec), which are the result of crossing R2
fromhigh to low temperature during retrogression. Intergrowths of
Bt þ Sil þ Qtz replacing garnet at the rims, fractures and garnet
pressure shadows are common especially in the southeast portion
of the klippe. Locally, kyanite grains are partially pseudomorphosed
by muscovite (Fig. 13d), which is most likely equivalent to also
crossing the muscovite breakdown back reaction (R1) from high to
low temperature. These textures are interpreted as products from
the interaction between melt and residual phases during the
Fig. 10. Diagram of Zr in rutile versus temperature based on the Tomkins et al. (2007) thermometer. Samples AL-3-33H (data from Campos Neto et al., 2010) and AL-IV-146.
Fig. 12. Compositional proﬁle of garnet porphyroblast from sample AL-IV-146.
Alm ¼ almandine, Prp ¼ pyrope, Grs ¼ grossular, Sps ¼ spessartine.
Fig. 11. Compositions of re-integrated ternary feldspars from Carvalhos Klippe meta-
sedimentary rocks along with the 15 kbar, 900 and 1000 C solvus curves deduced
from the feldspar activity model of Fuhrman and Lindsley (1988).
C.R. Ciofﬁ et al. / Journal of South American Earth Sciences 40 (2012) 63e76 73
retrograde path (Fig. 14). Therefore, these textures suggest that
melt was present and trapped within the system during retro-
gression. If the melt was not present in the system during the
retrogression, the rocks would be expected to have a restitic
assemblage with little retrogression (Spear et al., 1999). This does
not occur in the Carvalhos Klippe rocks, where retrograde reaction
textures are extremely common. In later stages of retrogression,
kyanite was locally replaced by sillimanite.
7. Discussion and conclusions
The metasedimentary rocks of the Carvalhos Klippe show
the typical high-pressure granulite facies assemblage of
Ky þ Grt þ perthitic Kfs þ Qtz  Rt  Bt which suggests that
muscovite breakdown reactions were crossed, reaching biotite
dehydration melting reactions. The thermobarometric data
demonstrate a thermal peak of 850 C and a baric peak of 16 kbar.
Partial replacement textures of garnet by Bt þ Qtz  Fsp suggest
reactions between melt and mineral phases during retrogression.
In spite of the high metamorphic grade associated with partial
melting, it is still possible to subdivide metasedimentary rocks
groups with well-deﬁned geochemical characteristics. Group 1
shows high A/CNK and low N/K ratios, which are characteristic of
pelitic sedimentary rocks. Groups 2 and 3 have geochemical char-
acteristics of immature arenites, with high feldspar contents
(wacke, arkose or lithic arenite). Although rocks of the Carvalhos
Klippe were metamorphosed in high-pressure granulite facies
conditions with melting related to mica-breakdown reactions, the
REE patterns of the metasedimentary rocks of the klippe are very
similar to typical post-Archean sedimentary rocks.
The high-pressure granulite facies Grt-Bt-Pl gneisses present in
the Carvalhos Klippe (corresponding to Group 2 in this study), show
geochemical characteristics very similar to amphibolite to upper
amphibolite facies Grt-Bt-Pl-Qtz schists from lower nappes
(Andrelândia and Liberdade), despite the fact that these schists
have been metamorphosed to lower grade with little or no partial
melting. This similarity suggests that Grt-Bt-Pl gneisses of the
Carvalhos Klippe from Group 2 did not experience substantial melt
extraction. Rare larger leucosomes do not contain K-feldspar and
have low Rb/Sr and high Sr/Ba ratios, suggesting that part of the
melting occurred in the presence of a vapour phase and was not
extensive. Extensive melt connection, migration and extraction
does not appear to have occurred in these rocks; the compositions
remained nearly unchanged. In rocks with the immature arenite
signature, mica dehydration melting was not extensive, most likely
because lowmuscovite contents and conditions of 850 C to 16 kbar
Fig. 13. Photomicrographs of retrograde reactions textures in Carvalhos Klippe metasedimentary rocks. (aeb) Garnet crystals partially replaced by skeletal intergrowths of
Bt þ Qtz  Fsp; (c) Symplectic intergrowth of Bt þ Qtz in the border of a garnet porphyroblast; (d) Partial muscovite pseudomorph after kyanite.
Fig. 14. P-T petrogenetic grid with reactions by Vielzeuf and Holloway (1988) with the
retrograde metamorphic path of the metasedimentary migmatitic granulite of the
Carvalhos Klippe.
C.R. Ciofﬁ et al. / Journal of South American Earth Sciences 40 (2012) 63e7674
did not allow for considerable biotite breakdown within this
compositional range. Estimated proportions of melt for meta-
wackes under these metamorphic conditions would be less than
10% (Johnson et al., 2008), which does not allow for a connection
between silicatic liquids and would not entail signiﬁcant
migration and extraction. Therefore, Grt-Bt-Pl gneisses with
geochemical signatures of immature arenites (Group 2) most likely
were not potential sources for the generation of igneous rocks
plutons.
Most likely the metapelites (Group 1) were the main magma
source inside the klippe because the highmuscovite content within
these sources allow for considerable melt generation through
muscovite breakdown, at temperatures below 850 C. Even among
the metapelites, part of the generated melt was trapped within the
system, as shown by several instances of reactions between
the melt and mineral phases during retrogression. Even in these
metapelitic rocks, REE patterns are very similar to REE patterns of
post-Archean sedimentary rocks, showing that high metamorphic
grade metasedimentary rocks with evidence of mica dehydration
melting may still retain geochemical signatures of its sedimentary
protolith.
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